Cereal lectins are a class of biochemically and antigenically related proteins localized in a tissue-specific manner in embryos and adult plants. To study the specificity of lectin expression, a barley (Hordeum vulgare L.) embryo cDNA library was constructed and a clone (BLc3) for barley lectin was isolated. BLc3 is 972 nucleotides long and includes an open reading frame of 212 amino acids. The deduced amino acid sequence contains a putative signal peptide of 26 amino acid residues followed by a 186 amino acid polypeptide. This polypeptide has 95% sequence identity to the antigenically indistinguishable wheat germ agglutinin isolectin-B (WGA-B) suggesting that BLc3 encodes barley lectin. Further evidence that BLc3 encodes barley lectin was obtained by immunoprecipitation of the in vitro translation products of BLc3 RNA transcripts and barley embryo poly(A ) RNA. In situ hybridizations with BLc3 showed that barley lectin gene expression is confined to the outermost cell layers of both embryonic and adult root tips. On Northem blots, BLc3 hybridizes to a 1.0 kilobyte mRNA in poly(A+) RNA from both embryos and root tips. We suggest, on the basis of immunoblot experiments, that barley lectin is synthesized as a glycosylated precursor and processed by removal of a portion of the carboxyl terminus including the single N-linked glycosylation site.
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dimers of WGA isolectins form in vivo by random association of the isolectin monomers ( 12) . Direct sequencing of all three isolectin genes has revealed greater than 90% sequence identity between them (22) . These features of the WGA system have made molecular and cellular studies of individual isolectin expression particularly difficult.
In this study, we have circumvented the difficulties of the WGA system by studying barley lectin. Barley, a diploid, contains a lectin shown to be antigenically indistinguishable from WGA (24) . The lectins are so similar that active heterodimers containing wheat and barley lectin subunits can be formed in vitro (13) . Barley lectin accumulates in the embryonic and adult root tips, but unlike in wheat, rye, and rice; no lectin is found in the coleoptile (9) . By studying lectin expression in barley, we avoid the possible complications of discerning coleoptile-specific versus root-specific regulatory elements and differential expression of isolectins. A barley lectin cDNA clone, BLc3,3 was isolated from a barley embryo X-gtlO library. Using this clone as an in situ hybridization probe we localized lectin mRNA in the embryonic and adult root tips. We also present evidence that the barley lectin precursor is glycosylated and undergoes carboxyl terminal processing to produce the mature polypeptide.
Lectins are a class of proteins with very specific carbohydrate binding properties. Many of the plant lectins are well characterized in their sugar binding specificities and, in some cases, the crystalline structure of the protein is known (2) . In spite ofthis, the biological significance ofplant lectins remains elusive (2) . The Gramineae lectins all specifically bind Nacetylglucosamine and are closely related antigenically and biochemically (24) . These lectins are especially interesting because of their unique patterns of expression in specific cell layers of embryonic organs and in the root tips of adult plants (9) . We are investigating how these specific patterns of lectin accumulation are regulated and what this may indicate about possible roles of these proteins within the plant.
Lectins from wheat, barley and rye (cereal lectins) are all dimers with 18 kD subunits which are synthesized as 23 kD precursors (23) . WGA2 is the best characterized cereal lectin. Wheat (Triticum aestivum L.), however, is a hexaploid with each diploid genome contributing an antigenically indistinguishable isolectin (isolectins A, B, and D) (24 (18) . The prehybridizations and hybridizations were performed as previously described (18) except that the amounts of SDS and salmon sperm DNA were increased to 1% and 250 ,g/mL, respectively. The blots were probed with WGA-B cDNA or BLc3 labeled with a-32P-ATP by the random primers method (3).
Cloning and Sequencing a cDNA for Barley Lectin Poly(A+) RNA used as a template for cDNA was prepared as described (7) . The poly(A+) RNA (29) and positive plaques were purified at high stringency (15) with the same probe. Inserts from purified plaques were subcloned into the EcoRI site of pUC 119 (27) and sequenced by the dideoxynucleotide chain termination method (19) using a-35S-dATP in place of a-32p dATP and 7-deaza-dGTP in place of dGTP (10) The in vitro translation products were immunoprecipitated (6) using anti-WGA antiserum (7) . Samples were carboxyamidated with 2.4 M iodoacetamide at 37°C for 30 min to optimize resolution of the lectins (16) . Translation products were analyzed by SDS-PAGE on 12.5% acrylamide gels and visualized by fluorography.
Analysis of Barley Lectin Synthesized In Vivo
Barley embryos (300), 15 to 25 dpa, were isolated onto moistened Whatman No. 3MM paper. Embryos were then incubated in 0.1 mm ABA for 4 h at room temperature to enhance lectin synthesis (26) . Acid soluble protein was extracted and affinity-purified on immobilized GlcNAc as previously described (7) . Affinity purified lectin, from 100 embryos, was digested with 10 m units Endo H (Calbiochem, San Diego, CA) at 37°C for 18 h. Samples were lyophilized, carboxyamidated, separated on SDS-PAGE, as above, and electroblotted onto nitrocellulose (25) . Lectin was detected immunologically with anti-WGA antiserum or anti-WGA-B 172-186, an antiserum specific for the 15 amino acid propeptide at the carboxyl terminus of pro-WGA (JJ Smith, NV Raikhel, unpublished data).
In Situ Hybridization
For use as in situ hybridization probes, [35S]UTP-labeled sense and antisense RNA transcripts were produced from linearized pBsBLc3. Labeled transcripts were partially hydrolyzed with alkali to an average size of 150 nucleotides for increased efficiency of hybridization to mRNA in the tissue sections. Barley embryos (15-25 dpa) and 3-d-old root tips from growing seedlings were cryosectioned to 8 ,um and processed as previously described (14) .
RESULTS

Isolation and Characterization of Barley cDNA clone BLc3
Eight putative barley lectin clones were isolated from the umamplified barley embryo cDNA library. The 972 nucleotide sequence for one of these clones, designated BLc3 (Fig.  1) , was determined from overlapping sequential deletions. BLc3 contains a start codon at nucleotides 16 to 18 initiating a 212 amino acid open reading frame (calculated mol wt = 21,208 D). Amino acid residues -26 to -1 make up a putative signal sequence (Fig. 1, broken underline) . The cleavage site for the signal sequence predicted by the method of von Heijne (28) matches the amino terminus predicted by sequence identity to mature WGA-B. This putative signal sequence is followed by a 186 amino acid protein with high percentages of Cys (17%) and Gly (22%) and low percentages of His (0.5%), Met (1%), Arg, Ile, Phe, Trp, and Val (1.5% each). A single potential site for Asn-linked glycosylation, Asn-SerThr, is found at residues 206 through 208 (Fig. 1, marked with asterisks). The deduced amino acid sequence of BLc3 is 95% identical to that of WGA-B. Table I lists the amino acid differences between BLc3 and WGA-B. The coding region is followed by two consecutive TGA termination codons (marked with squares) and a 321 nucleotide 3' untranslated region. Four putative polyadenylation signals (Fig. 1 , underlined) are located at positions 688 and 754 (AATAAT), and at positions 832 and 946 (AATATA). Since an extensive poly(A+) tail is not found however, the exact 3' end of the barley lectin mRNA is unknown. (Fig. 2, lane 1) . A Mr 21 kD polypeptide was also specifically immunoprecipitated from in vitro translation products of embryo poly(A+) RNA (Fig. 2, lane 2) . These Ms agree well with the mol wt of 21.2 kD calculated from the deduced amino acid sequence.
Posttranslational Modifications of Barley Lectin
To investigate the in vivo synthesis ofbarley lectins, Western blots of affinity purified lectin from developing barley em- Figure 3 . Western blot analysis of native and Endo H treated barley lectin. Isolated barley embryos, 15 to 25 dpa, were treated with 0.1 mM ABA (4 h) to enhance lectin expression. Barley lectin was affinity purified from acid extracted protein and resolved on SDS-PAGE prior to transfer onto nitrocellulose. Western blots were probed with either anti-WGA antiserum, lanes 1 (Fig. 3, lane 1) . Mature barley lectin has the same mobility as purified WGA (Mr 18 kD; Fig. 3, lane 2) . The Mr 23 kD protein is most likely the barley lectin precursor (23) . In vivo labeling studies with barley embryos also show a Mr 23 kD band after immunoprecipitation with anti-WGA antiserum (data not shown). In addition, pulse labeling studies in wheat have shown that WGA is also synthesized as a Mr 23 kD precursor (7) . Based on the 95% amino acid sequence identity with WGA-B and the evidence presented above, we will refer to the Mr 23 kD form as the barley lectin precursor. The barley lectin precursor migrates more slowly, Mr 23 kD, on SDS-PAGE than predicted from the deduced amino acid sequence alone (21.2 kD). Since the polypeptide deduced from the clone BLc3 includes the only potential glycosylation site at the carboxyl-terminus, we investigated whether this (Table I) . Anti-WGA-B 172-roots. As an initial step in understanding this root-specific expression, a cDNA clone for barley lectin, BLc3, was isolated and characterized.
1 kb- Figure 5 . 186 detected the Mr 23 kD precursor band but failed to recognize mature barley lectin in the sample (Fig. 3, lane 3) . This provides further evidence that the Mr 23 kD band represents pro-barley lectin. Endo H digestion of affinitypurified barley lectin reduced the size of pro-barley lectin by Mr 3 kD (Fig. 3, lane 4) , indicating the presence of a highmannose oligosaccharide.
Cellular Localization and Temporal Expression of Barley Lectin
The spatial distribution of barley lectin mRNA was determined by in situ hybridization with BLc3 antisense RNA transcripts. Barley lectin mRNA was localized to the coleorhiza, outer cell layers of the radicles, and the root caps of the developing embryo (Fig. 4, A and B) . Lectin mRNA was also found in the root tip and root cap of 3-d-old seedlings (Fig.  4, C and D) . Lectin mRNA was not detected in the primordial leaves, coleoptile or scutellum ofthe embryo (data not shown). Sense BLc3 RNA transcripts, used to monitor non-specific binding of labeled nucleic acids to the sections, did not bind significantly to any tissue (data not shown).
To determine if barley lectin mRNAs from embryos and adult roots were the same size, Northern blot analysis was performed (Fig. 5) . A 1.0 kb mRNA was detected in poly(A+) RNA from both tissues (Fig. 5, lanes 1 and 2) . No detectable lectin mRNA was found in coleoptiles of 3-d-old seedlings (Fig. 5, lane 3) .
DISCUSSION
Our goal is to gain an understanding of the mechanisms controlling the specificity of expression observed in the cereal lectins. Previous work shows that de novo synthesis of both lectin mRNA (15) and protein (16) Analysis of the amino acid sequence encoded by BLc3 provides further evidence that BLc3 encodes barley lectin. The amino acid composition, rich in Gly and Cys while poor in several other amino acids, is characteristic of the cereal lectins (11) . In addition, there were only 10 differences (95% sequence identity) between WGA-B and the deduced amino acid sequence ofbarley lectin (Table I) . Six ofthese differences were conservative substitutions (Microgenie, Beckman); making the structural similarity even greater. The striking sequence identity found between BLc3 and WGA-B explains the immunological similarity (24) and the agglutinating activity of WGA/barley lectin heterodimers (13) .
The translated sequence of BLc3 is given from the first methionine codon. It is unknown, however, which of the initial methionine residues (-26, -24, or -23) is used to initiate translation in vivo. The coding region of BLc3 begins with a typical tripartite signal sequence (residues -26 to -1) characteristic of secretary proteins. This signal sequence was expected in a full-length clone since previous studies have localized cereal and rice lectins to the vacuoles/protein bodies (7, 8, 23 (Table I) . Thus, based on our results with anti-WGA-B 172-186 and sequence identity with WGA-B, the carboxyl terminal portion of the barley lectin precursor (double underlined in Fig. 1 ) is probably absent in mature barley lectin. WGA (7) , rice lectin (29) , and #-glucanase (20) , have also been shown to be synthesized as glycosylated precursors and undergo carboxyl-terminal processing of the polypeptide.
Temporal and Cellular Localization of Barley Lectin
In situ hybridization experiments show barley lectin mRNA is localized to the root tip of the adult plant and the analogous structures in the embryo. As might be expected, this pattern of expression coincides with that for lectin accumulation (9) . WGA-B mRNA shows a similar pattern of expression (15), however, recent data showing greater than 90% identity between wheat isolectin mRNAs (22) will make precise analysis of individual isolectin expression difficult. Furthermore, the complicated pattern of WGA accumulation in different genotypes of wheat remains unexplained (17) . The barley lectin system, devoid of isolectin complications, is therefore superior for the study of root tip-specific protein expression. The cDNA for barley lectin presented in this paper will provide a valuable tool for the isolation of gene promoter sequences for barley lectin and characterization of the cis-elements involved in root-tip-specific expression.
